Susceptibility to experimental autoimmune uveitis (EAU) in inbred mice has been associated with a dominant Th1 response. Elevated anti-inter-photoreceptor retinoid-binding protein (anti-IRBP) IgG2a/ IgG1 antibody ratios have been implicated as candidate markers to predict disease severity. In the present study, both the anti-IRBP antibody isotype and severity of EAU phenotypes were examined in 4 non-isogenic genetically selected mouse lines to determine if they can be used as general markers of disease. Mice between 8 and 12 weeks old selected for high (H III ) or low (L III ) antibody response and for maximum (AIR MAX ) or minimum (AIR MIN ) acute inflammatory reaction (AIR) were immunized with IRBP. Each experiment was performed with at least 5 mice per group. EAU was evaluated by histopathology 21 days after immunization and the minimal criterion was inflammatory cell infiltration of the ciliary body, choroid and retina. Serum IgG1-and IgG2a-specific antibodies were determined by ELISA. EAU was graded by histological examination of the enucleated eyes. The incidence of EAU was lower in AIR MIN mice whereas in the other strains approximately 40% of the animals developed the disease. Low responder animals did not produce anti-IRBP IgG2a antibodies or interferon-γ. No correlation was observed between susceptibility to EAU and anti-IRBP isotype profiles. Susceptibility to EAU is related to the intrinsic capacity to mount higher inflammatory reactions and increased production of anti-IRBP IgG2a isotype is not necessarily a marker of this immunologic profile.
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Introduction
Experimental autoimmune uveitis (EAU) is an organ-specific T cell-mediated disease that targets the neural retina and leads to retinochoroiditis and blindness. The failure of the mechanisms that maintain the state of immune tolerance in the eye can be induced in experimental models by immunization with retinal antigens such as the soluble protein S-antigen and the glycolipoprotein inter-photoreceptor retinoid-binding protein (IRBP) (1) (2) (3) (4) . EAU is a cell-mediated inflammatory disease in which the uveitogenic retinal antigen-specific CD4 + T lymphocytes invade and destroy the retina (5, 6) . There is evidence implicating Th1-like lymphocytes in the pathogenesis of EAU, whereas induction of a Th2-like response seems to be protective (7) (8) (9) (10) . Sun et al. (11) demonstrated that susceptibility to the development of EAU is associated with a predominant Th1 response to IRBP in six different isogenic mouse strains, and that resistance to disease can occur in the presence or absence of a dominant Th2 response.
Several mechanisms have been implicated in the susceptibility to the development of EAU. Mutations in two genes, lpr and gld, result in defects in apoptosis induction in mice. These deficiencies result in inefficient elimination of autoreactive T cells and consequent accumulation of this lymphocyte population (12) (13) (14) (15) . They may have a role in ocular autoimmunity since Fas and FasL play a role in the maintenance of immunoprivilege in the eye (16, 17) . Abnormalities during the intra-and/or extrathymic clonal T-cell selection (18) and expansion or even in the capacity of these lymphocytes to recognize ocular antigens and/or proteins that mimic ocular antigens have been associated with certain haplotypes of the major histocompatibility complex (MHC). It has been demonstrated that the MHC haplotypes H-2 k , H-2 b , or H-2 r correlate with susceptibility to EAU in inbred mouse strains, whereas the presence of other alleles in the I-E sub-region has been related to resistance (19, 20) . The importance of the MHC is best exemplified by the individual response to the 161-180 peptide of IRBP, which contains a major epitope recognized as pathogenic by the H-2 r bearing B10.RIII mice (21) .
The investigation of genes controlling acquired or innate immune mechanisms has demonstrated that major immunobiological functions such as inflammatory responses, quantitative antibody production, immunological tolerance, and T cell-mediated reactivity, in spite of their functional integration are, at least in part, under the additive effect of independent segregating loci (22) (23) (24) (25) . The resulting polymorphic regulation of innate and adaptive immunity is the fundamental characteristic ensuring the survival of a genetically heterogeneous natural population. This variability is related to the genotypes of the population and the environmental conditions to which the individuals are subjected before and after birth.
To better understand the influence of a complex genetic background intervening in the innate and/or adaptive immune functions on EAU development and to establish the possible association of specific anti-IRBP isotype profiles in the susceptibility to developing disease, the present study was carried out in genetically selected lineages of mice for high (H) or low (L) antibody responses (26) and for maximal or minimal acute inflammatory reactions (AIR MAX and AIR MIN , respectively) (23). As pointed out by Boyartchuk and Dietrich (27) , the plasticity and redundancy of the immune system complicate the experimental study of these distinct components. Nevertheless, the goal of genetic selection is to create mouse lineages with extreme and easily differentiated phenotypes. If the selected genes modify the immune function, the responsiveness to selfantigens or toxins and infectious agents can also be modified. Thus, the opposite capacity of the independent genetically modified mice to establish protective mechanisms reflects a dynamic relationship between gene frequency in natural populations and the nature of the immunogens, pathogens or toxins to which they are exposed. The results of the factors responsible for the complex pleiotropic network of the immune system may be indicative of the main protective mechanisms responsible for survival, including those responsible for the aspects of autoimmune pathogenicity.
The advantage of the genetically selected H, L, AIR MAX , and AIR MIN mouse line models compared to inbred mice is the availability of individuals genetically homogeneous at the relevant loci controlling a general character but still heterogeneous at other loci, including the MHC antigens, assuring the preservation of the naturally occurring genetic variability in the population study. These features allow the study of the real biological relevance of innate and/or adaptive immune traits and the correlation amongst distinct immunobiological parameters.
In the present study, we evaluated the responsiveness to IRBP immunization in genetically selected mouse lines by measuring both their ability to produce the specific anti-IRBP IgG1 and IgG2a antibody isotypes and their degree of eye pathology during the course of EAU.
Material and Methods

Animals
Mouse lineages obtained by bidirectional genetic selection for high (H III ) and low (L III ) immune responsiveness and for maximal (AIR MAX ) and minimal (AIR MIN ) acute inflammatory reaction were used. H III and L III animals were obtained from four independent outbred Swiss mouse colonies and selected on the basis of high or low antibody production to flagellar antigens of Salmonellae (26) . AIR MAX and AIR MIN mice were obtained from a Foundation Population deriving from intercrosses of eight distinct inbred mouse strains (A, DBA-2, P, SWR, CBA, SJL, BALB/c, and C57Bl/6) (23). The selective breeding of these animals for maximal or minimal acute imflammatory response was based on both cellular infiltrate and protein contents. Animals were obtained and maintained at the animal facilities of the Immunogenetics Laboratory of Instituto Butantan. All experiments were performed following the guidelines for animal use approved by the Ethics Committee in Animal Experimentation from the institutions involved in the study and according to the guidelines established by the Association for Research in Vision and Ophthalmology for the care and handling of experimental animals.
Reagents and antibodies
IRBP was isolated from bovine retinas by concanavalin A-Sepharose affinity chromatography and FPLC (28, 29) and stored at -70ºC. Bordetella pertussis toxin, concanavalin A, bovine serum albumin, and complete Freund adjuvant were purchased from Sigma (St. Louis, MO, USA). Horseradish peroxidase-streptavidin goat anti-IgG1 and antiIgG2a mouse subclasses were purchased from Southern Biotechnologies Associates, Inc. (Birmingham, AL, USA). The hybridomas XMG1.2 and AN18 producers of antimouse interferon-γ (IFN-γ) were a gift from Dr. I. Abrahamsohn (University of São Paulo). Recombinant murine IFN-γ and streptavidin-horseradish peroxidase were purchased from BD Pharmingen (San Diego, CA, USA).
Immunization
H III , L III , AIR MAX , and AIR MIN mice of both sexes were used at ages ranging from 8 to 12 weeks. Immunizations were performed by injecting simultaneously 50 µg IRBP in 0.2 mL emulsion (v/v) with complete Freund adjuvant administered subcutaneously and 1 µg Bordetella pertussis toxin by the intraperitoneal route.
Histology and disease grading
Eyes were collected 20, 28, and 40 days after immunization, fixed for 1 h in 4% sodium phosphate-buffered glutaraldehyde, and transferred to 10% sodium phosphatebuffered formaldehyde until processing. Fixed and dehydrated tissue was embedded in paraffin and cut into 4-to 6-µm sections through the pupillary-optic nerve plane. Six sections cut at different levels were submitted to standard hematoxylin-eosin staining and examined for each eye in a masked fashion. The presence and the extent of the lesions were determined and the severity of EAU was scored on a 0 to 4 scale according to a semi-quantitative system described previously (3). Briefly, the minimal criterion to score an animal as positive by histopathology was inflammatory cell infiltration of the ciliary body, choroid and retina. Progressively higher grades were assigned for the presence of discrete lesions in the tissues such as vasculitis, granuloma formation, retinal folding, and/or detachment and photoreceptor damage.
Assay for IRBP-specific antibody IgG isotypes
The individual anti-IRBP IgG1 and IgG2a isotype levels were determined by ELISA as previously described (30) . Briefly, 96-well microtiter plates (Costar, Cambridge, MA, USA) were coated with IRBP at 1 µg/mL in carbonate/bicarbonate buffer, blocked with bovine serum albumin and incubated with serially diluted serum samples for 1 h at room temperature. Plates were developed with horseradish peroxidase-conjugated goat anti-mouse IgG1 or with rat anti-mouse IgG2a (diluted 1:2000). The anti-IRBP antibody titers were expressed as log 2 of the reciprocal serum dilution giving an absorbance value of 20% of the saturation level.
IFN-γ γ γ γ γ assay
The draining lymph nodes were collected 20 or 40 days after immunization, teased to a single cell suspension and cultured in Dulbecco's modified Eagle's medium supplemented with 5% fetal bovine serum (Hyclone, Logan, UT, USA), 10 µM 2-mercaptoethanol (Sigma), 2 mM L-glutamine, 0.1 mM vitamins, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 100 µg/mL gentamicin, all purchased from Gibco BRL (Rockville, NY, USA) in a 96-well plate with immobilized anti-CD3 (1 µg/mL; BD/ Pharmingen) for a total of 48 h. IFN-γ was determined in the supernatants by sandwich ELISA employing the rat anti-mouse monoclonal antibody system prepared in our own laboratory from culturing the respective hybridomas, purified and biotinylated when used as the detection antibody. High binding 96-well plates (Corning Corporation, Corning, NY, USA) were coated with 50 µL of the first antibody diluted in carbonate/bicarbonate buffer, pH 9.6, for 16 h at 4ºC (8 µg/ mL anti-IFN-γ (XMG1.2)). After incubation, wells were blocked for 2 h at room temperature with 150 µL PBS/0.05% Tween 20 (Sigma) and 5% skim milk. Plates were washed three times with PBS/0.05% Tween 20 and received 50 µL of samples or of the recombinant murine IFN-γ in 2-fold serial dilutions. After 4-h incubation at room temperature, plates were washed and 50 µL of the biotinylated anti-IFN-γ (AN18 at 8 µg/ mL) was added and incubated for 2 h at room temperature. Plates were washed and 80 µL streptavidin-peroxidase (Sigma) diluted (1:4000) in PBS was added and incubated for 1 h at room temperature. Plates were washed again and 100 µL of substrate solution (3% H 2 O 2 , 0.5 µg/mL 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfuric acid) in citrate/phosphate buffer, pH 5.2) was added. The substrate reaction was stopped after 30 min with 0.2 M citric acid. Absorbance was read at λ410 and 490 nm.
Statistical analysis
EAU scores are reported as the average of both eyes for each animal. Disease scores were analyzed using Snedecor and Cochran's test (31) for linear trend in proportions. Statistical analysis was performed by nonparametric analysis of variance (ANOVA) with Dunn's post-test. Data of the antibody measurements were compared using the unpaired t-test or Mann-Whitney test and were considered to be significantly different at P < 0.05.
Results
Susceptibility to EAU
Susceptibility to EAU was investigated in the genetically selected mouse lineages for high (H III ) or low (L III ) immune response and for maximal (AIR MAX ) or minimal (AIR MIN ) acute inflammation. Mice were immunized with IRBP and evaluated for the development of EAU 21 days later. The incidence of uveitis, i.e., the number of animals affected with EAU of the total number of injected mice, was 6/15 in the H III line and 3/9 in the L III line; the EAU in the AIR MAX mice was 6/13 whereas 10/11 of AIR MIN mice were resistant to the disease -only 9% developed a mild cell infiltration (Figure 1) . The estimated EAU mean grade of cellular infiltration and structural alteration scored on a scale from 0 to 4 among the affected mice was 0.73 for H III , 0.25 for L III , 0.34 for AIR MAX , and 0.09 for AIR MIN mice.
Serum IgG1 and IgG2a antibodies to IRBP
Antibody isotype switching to IgG1 and IgG2a is promoted mostly by IL-4 and IFN-γ, respectively. Since susceptibility to EAU in inbred mice has been associated with Th1 lymphocytes in the pathogenesis of the dis- ease, we investigated anti-IRBP IgG1 and IgG2a levels in response to IRBP, 21 days after immunization in an attempt to determine the T-cell subset and the cytokine involvement in a more direct fashion than simply measuring IL-4 and IFN-γ in vitro. The comparative analysis of IgG isotypes in both genetic selections showed peculiar features. For the H III and L III lines, as expected, significant interline differences were obtained for both isotypes, mainly for IgG2a antibodies, since the L III mice did not produce this subclass in response to IRBP (Figure 2A) . Interestingly, AIR MAX animals did not produce this anti-IRBP isotype whereas AIR MIN mice showed both an IgG1 and IgG2a response to IRBP ( Figure 2B ). The lack of anti-IRBP IgG2a production in L III was observed 40 C ratio was below the "1" value, which means that the production of anti-IRBP IgG2a was decreased when compared to the production of IgG1 ( Figure 2C ).
IFN-γ γ γ γ γ secretion by lymph node cells
The persistent lack of anti-IRBP IgG2a antibody production in L III mice following immunization with IRBP led us to investigate IFN-γ production in the supernatants of anti-CD3-stimulated lymph node cell cultures. Cytokine secretion was analyzed in H III and L III mice 21 days after immunization ( Figure 3 ). As expected, the production of IFN-γ was significantly lower in L III when compared to high responder animals (P < 0.01). Although H III animals were more susceptible to developing disease with higher scores of severity, the incidence of EAU was similar in both H III and L III lineages, indicating that the participation of IFN-γ in the susceptibility to developing moderate levels of EAU may not be so important.
Lack of correlation between IgG2a/IgG1 ratios and EAU scores
It has been previously shown in susceptible inbred mouse strains that disease severity is directly proportional to their anti-IRBP IgG2a/IgG1 ratios. Here we investigated the relationship between these two phenotypes. The present results in non-inbred mouse strains clearly demonstrate the absence of correlation between IgG2a/IgG1 ratio and 
Discussion
The design of the present study was based on an alternative concept for the investigation of autoimmune uveitis in mice. Human uveitis is a complex disease in which the genetic background plays a significant role even when the same entity is under study (32) . The goal of an animal model of human disease is to be as closely similar to the human entity as possible, and for this reason we set out to establish EAU in a non-inbred mouse population. Four genetically selected lines of mice resulted in the convergent fixation of alleles affecting the high or low antibody or inflammatory responses regarding the innate and/or acquired immune compartments. This approach allows the study of the disease in populations that have been selected for definite immunobiological traits but still, at least in part, heterogeneous with regards to the rest of their genome, thus better resembling the human population. Here, we investigated EAU development and the anti-IRBP IgG1 and IgG2a antibody production in H III , L III , AIR MAX , and AIR MIN mice. It was demonstrated that in these mice, unlike in inbred strains, susceptibility to experimental autoimmune uveitis does not correlate with the production of anti-IRBP IgG2a isotype.
The data indicate that the amount of anti-IRBP IgG1 antibody was similar among the lines during the period evaluated and titerwise higher than the anti-IRBP IgG2a in all selected mouse strains, with the exception of AIR MIN mice that expressed the same titers for both IgG1 and IgG2a isotypes 21 days after IRBP administration. The levels of anti-IRBP IgG2a subclass were nearly undetectable in L III mice. In other experiments serum was tested for the presence of IgG1 and IgG2a antibodies in response to IRBP 40 and 65 days after immunization. It was intriguing to notice that L III mice did not produce IRBP-specific IgG2a antibody whereas the other mouse lines responded with high antibody titers although always lower when compared to IgG1. This peculiar pattern seems to be dependent on the isotype-restricted regulatory effect related to the immunization procedure used during the selective breeding process to which the parental animals were submitted to develop the lineages. In fact, a similar picture in the IgG2a profile of the H III and L III line was observed after immunization with Salmonella flagellar and somatic antigens, both present during the selective process (26) . Interestingly, all lines exhibited IgG2a/IgG1 ratios below "1", irrespective of the susceptibility to the disease, suggesting that under any circumstances anti-IRBP IgG2a levels were higher than IgG1 antibody. Histopathologic examination of the eyes after antigen administration showed disorganization of the retinal architecture in 40 to 50% of the animals of the AIR MAX , H III , and L III strains. AIR MIN mice were resistant to the development of EAU with only 1 affected individual of 11. In a similar study performed with high responder mice selected for heterologous erythrocytes (19) , the socalled Biozzi ABH mice, a higher percentage of individuals susceptible to uveoretinitis and low levels of antigen-specific IgG2a subclass were observed (33) . Our data support previously published results on the subject.
The balance between Th1 and Th2 cells and its role in determining the outcome of the immune response to the uveitogenic proteins has been an issue for some time. It has been shown that mouse strains susceptible to EAU polarize their response against the retinal antigen towards a type 1 response, consequently enhancing the production of antiuveitogen IgG2a antibody, an IFN-γ-induced isotype, even after EAU onset. In contrast, a type 2 response and a dominant IgG1 profile have been associated with a resistant phenotype (11) . This paradigm does not hold true in these genetically selected non-inbred lines of mice, suggesting it may be a consequence of the inbreeding process by carrying together with the quantitative trait loci that code for susceptibility, those that control isotype switching to IgG1 and IgG2a. The differential result obtained in outbred mice may explain why only a percentage of patients with autoimmune uveitis develop a cytokine profile similar to the one described in inbred mice, whereas all patients present a similar inflammatory reaction (34) . Continued studies on these strains will help associate specific clinical features such as retinal detachment with sustained patterns of immune response to ocular antigens.
The data presented here show a predominant anti-IRBP IgG1 antibody response in the serum of AIR MAX and L III mice 21 days after IRBP immunization. Interestingly, this response did not correlate with a resistant phenotype, since 27% of L III mice and 40% of AIR MAX mice were sick after immunization with IRBP. On the other hand, AIR MIN animals showed enhanced anti-IRBP IgG2a antibody titers compared to AIR MAX mice but were resistant to the disease. Another interesting feature was the observation that L III mice did not produce IFN-γ even after anti-CD3 stimulation. This event was compatible with the lack of production of anti-IRBP IgG2a isotype after immunization. Based on these data, one could expect a resistant phenotype for L III regarding the development of uveitis since the disease has been correlated with a dominant type-1 response (11) . In fact, in high responder animals the production of IFN-γ seems to correlate with susceptibility since these animals develop a milder disease with an incidence of EAU in almost 50% of the population. Although AIR MAX mice do not produce IRBP-specific IgG2a 21 days after immunization, over longer periods of time these animals were able to secrete this isotype, differently from L III mice. Still, this unbalanced situation between the two isotypes in favor of anti-IRBP IgG1 antibody did not protect AIR MAX from developing EAU. The development of EAU in the context of lack of secretion of IFN-γ has already been shown. Mice treated with anti-IFN-γ antibody develop EAU and this feature was also observed in some resistant strains of mice after systemic depletion of this cytokine (35) . Other studies have shown that IFN-γ-deficient mice are highly susceptible to developing EAU after immunization with whole IRBP (36) or with the major uveitogenic human peptide 1-20 (37) and in the latter case the resulting disease is significantly more severe when compared to wild-type controls. The cytokine profile in the supernatants of these animals lacking IFN-γ was skewed toward a Th2-like response, showing an up-regulation of IL-5. Cellular infiltrates contained significantly more eosinophils compared to their wild-type littermates.
In our experiments, although we did not look at the mechanisms involved in the development of EAU in low IFN-γ-producing animals such as AIR MAX and L III , we cannot rule out the possibility of a deviant immune response in these mice.
For both antigen-specific IgG1 and IgG2a antibodies, analysis of variance supported the importance of multigenic factors regulating the adaptive response to IRBP. Moreover, based on the distinct H-2 genes of the four mouse lines and the similarities of the EAU scores, especially between the AIR MAX and L III strains, no specific MHC allele seems to be crucial for the development of the disease, as it is in inbred strains of mice. However, we must point out that the L III mice are H-2 z , H III are H-2º 3 (3,38), AIR MAX are predominantly H-2 b , and in AIR MIN mice the H-2 d and H-2 k haplotypes are more prevalent. Therefore, we suggest that the genetic control of the adaptive immune characteristics during the autoimmune process in EAU is polygenic, since the interline variances were always higher than the intraline ones and there were continuous distributions among individuals.
The evaluation of the development of the disease in AIR MAX and AIR MIN mice can also be considered from the viewpoint of the inflammatory potential that these lines present in response to distinct pathogens, immunogens and chemical agents. In uveitis, damage to the eye is a consequence of the recruitment of lymphocytes, macrophages and polymorphonuclear cells. The lymphocyte population that migrates to the eye is constituted of both retinal antigen-specific lymphocytes and "non-specific cells" (39, 40) . The fact that AIR MIN mice are resistant to EAU suggests that the low intrinsic inflammatory capacity of these animals might be due to the fact that these mice were selected based on lower numbers of cells migrating to the inflammatory site compared to the AIR MAX mice.
In conclusion, our data suggest that the mechanisms involved in the resistance or susceptibility to EAU development involve polymorphic intervention of independent multigenic immunobiological factors, which are very important for the chronic nature of uveitis development.
